INTRODUCTION
Hepatic steatosis is associated with hepatocyte-specific accumulation of lipid droplets (≥ 5% of volume or weight), and has increased dramatically worldwide with the growing incidence of obesity [1, 2] . Hepatic steatosis is one of the most common chronic liver diseases in western countries and the Asia-Pacific area [2] [3] [4] [5] [6] . It is a critical step in the development of nonalcoholic fatty liver disease, which ranges from simple steatosis to nonalcoholic steatohepatitis, liver fibrosis/cirrhosis, and finally hepatocellular carcinoma [7, 8] . Patients with hepatic steatosis are also susceptible to some aspects of metabolic syndrome (e.g., type 2 diabetes and hyperlipidemia) [9, 10] and related diseases (i.e. cardiovascular events, cerebrovascular diseases, and extrahepatic cancer) [11, 12] . Although it is being recognized as a public health burden, clinical intervention for hepatic steatosis is deficient because of the limited understanding of its underlying mechanisms.
Micro (mi)RNAs have been identified as critical regulators of various physiological processes and diseases [13, 14] . miR-34a is significantly up-regulated in different models of rodent hepatic steatosis [15, 16] . Consistently, miR-34a expression correlates well with the clinical occurrence of hepatic steatosis in the Chinese, Japanese and Philippine populations [17] [18] [19] . The increased level of circulating miR-34a discriminates patients with hepatic steatosis from healthy controls with area under the curve (AUC) of 0.781 [19] . Targeted repression of peroxisome proliferator-activated receptor (PPAR)α, which maintains homeostasis of lipid metabolism in hepatocytes, highlights the steatosisrelated effect of miR-34a [20] . Antagonism of miR34a, therefore, has potential in the therapy of hepatic steatosis. Circular (circ)RNAs are a novel class of non-coding RNAs containing miRNA response elements (MREs) [21] that can be used to investigate miRNA-specific antagonists. circRNA_000203 in angiotensin-II-induced cardiac fibroblasts inactivates miR-26b-5p by the complementation between MREs and miRNAs [22] .
circRNA_010567 in diabetic mice abrogates the effect of miR-141 in a same manner [23] . The miRNA-dependent inhibition of target mRNAs (transforming growth factor-β1, collagen 1a2 and connective tissue growth factor) is then abolished, which results in myocardial fibrosis [22, 23] . By serving as a natural "miR-223
sponge", heart-related circRNA (HRCR) sequesters and antagonizes its inhibitory role against activityregulated cytoskeleton-associated protein (ARC) [24] . Thus, pathological hypertrophic responses and heart failure are prevented by the HRCR/miR-223/ARC axis [24] . However, both miR-34a-targeting circRNA and its actions are rarely reported in hepatic steatosis.
Employing databases of non-coding RNA (circBase and miRBase) and algorithms of circRNA-miRNA interaction, circRNA_0046366 is now recognized to be a specific antagonist of miR-34a. To reveal the circRNAmiRNA interaction underlying hepatocellular steatosis, expression patterns of circRNA_0046366 and miR-34a were investigated in a model of HepG2-based steatosis model in the presence of high-fat stimulation. The antagonistic effect of circRNA_0046366 on miR-34a was evaluated by bioinformatic analysis and dual-luciferase reporter assay. After the up-regulation of hepatocellular circRNA_0046366, functional experiments exhibited its impact on miR-34a, key miRNA-target (PPARα), and downstream genes responsible for lipid metabolism. Phenotypic identification finally revealed the pathophysiological role of circRNA_0046366/miR-34a/ PPARα signaling in hepatocellular steatogenesis.
MATERIALS AND METHODS

Establishment of hepatocellular steatosis by high-fat stimulation
Exponentially growing HepG2 cells (Cell Bank of Type Culture Collection, Shanghai, China) were seeded in a 6-well plate at 2 × 10 5 /well, and randomized into groups of normal and steatosis (9 wells/group). In contrast to those cultured in Dulbecco's modified Eagle' s medium, penicillin-streptomycin, and 10% fetal bovine serum (control group), HepG2 cells in the model group were subjected to additional exposure to 0.5 mmol/L FFA (oleate:palmitate = 2:1; Sigma-Aldrich, St. Louis, MO, United States) for 24 h [25] .
Assessment of circRNA_0046366 expression
Total RNA of each sample was extracted by the phenol/ chloroform method, and then treated by the ExScript RT Reagent Kit (TaKaRa, Kusatsu, Japan) for reverse transcription (RT). Quantitative real-time polymerase chain reaction (PCR) was performed, with primers specific to cDNA of circRNA_0046366 (Table 1 ) [24] , using SYBR Premix ExTaq (TaKaRa) on the Applied Biosystems 7500 Real-Time PCR Detection Systems (Bio-Rad Laboratories, Hercules, CA, United States).
The expression level of hepatocellular circRNA_0046366 was evaluated against U6 by the 2 -ΔΔCt method.
Bioinformatic analysis
The effect of circRNA_0046366 on miRNAs was analyzed by the CircInteractome method according to MREbased circRNA/miRNA complementation [26] , and then the set of circRNA_0046366-targeting miRNAs was constructed. On the other side, the experiment-proven, hepatic steatosis-inducing miRNAs were pooled to establish another miRNA set [27] . Key target miRNAs that play an essential part in circRNA-related hepatocellular steatosis were successively filtered by the intersection of circRNA_0046366-targeting miRNA set and hepatic steatosis-inducing set.
To shed light on their actions associated with hepatocellular steatosis, a miRNA-specific targetome was constructed using genes obtained from miRBase [28] . According to the annotations of Kyoto Encyclopedia of Genes and Genomes (KEGG) database [29] , enrichment scoring, Fisher's exact test and false discovery rate (FDR) analysis were further employed to recognize the miRNA-regulating signal pathways [30] . Finally, gene interaction was illustrated within the top-enrichment pathways using databases of KEGG and PubMed [31] .
Luciferase reporter assays
hsa-circRNA_0046366 (circBase; Rajewsky Laboratory, Berlin, Germany) with putative target sites for miR34a was synthesized and cloned into the pMIR-REPORT vector (Thermo Fisher Scientific, Waltham, MA, United States) for the purpose of constructing recombinant reporter vector (pMIR-REPORT-circRNA_0046366-wildtype) [32] . Reporter vector with mutant circRNA_0046366 (pMIR-REPORT-circRNA_0046366-mutant) was also generated by deletion of an MRE sequence. As defined by the relative activity of firefly luciferase against Renilla luciferase, cotransfection of reporter vector (pMIR-REPORT-circRNA_0046366-wildtype or pMIR-REPORTcircRNA_0046366-mutant) and oligonucleotides (miR34a mimics or negative control) revealed circRNAmiRNA interaction using a dual-luciferase assay kit 
Phenotypic evaluation for hepatocellular steatosis
According to the above-mentioned subgrouping, HepG2 cells in normal, steatosis, control, circRNA, circRNA+ mimics, and circRNA+mimics NC groups were plated on cover glasses, and fixed in 4% paraformaldehyde. After washing in distilled water, each group was treated with 0.5% Oil Red O for 30 min, 60% isopropanol for 10-20 s, and hematoxylin counterstaining for 10-20 s so as to uncover the lipid droplets with neutral fat (triglyceride (TG)). Those HepG2 cells with cytoplasmic enrichment of positive-staining droplets were defined to be steatotic. Quantitatively, the TG level in each group was enzymatically analyzed using the TG Assay Kit (Applygen Technologies, Shanghai, China) [35] . Lysed HepG2 cells were subjected to centrifugation at 12000 rpm for 5 min, followed by coculture of supernatant and working solution for 10 min at 37 ℃. OD550 indicated the hepatocellular TG concentration, which was normalized against the protein content of HepG2 cells evaluated by BCA method.
statistical analysis
The present results are expressed as mean ± SD. Statistical analysis was performed by Student's t-test or one-way analysis of variance with GraphPad Prism Software (GraphPad, La Jolla, CA, United States) [36] . Fisher's exact test was used to filter the significant pathways using R software 3.3.1 (R Development Core Team, Vienna, Austria). Differences with P < 0.05 (two-tailed) were considered statistically significant.
RESULTS
circRNA_0046366 deficiency characterized high fatinduced hepatocellular steatosis
In contrast to the steatosis-free phenotype of the normal group, enrichment of lipid droplets dominated the steatosis group. Oil Red O staining specific to lipid droplets verified accumulation of neutral fat (TG) under FFA stimulation ( Figure 1A ). Consistent with these (Promega, Madison, WI, United States).
circRNA administration
cDNA of circRNA_0046366 was synthesized according to the sequence obtained from circBase database (www. circbase.org), and then cloned into H3790 pcDNA3.1 plasmid using TA Cloning™ Kit (Thermo Fisher Scientific) as per the manufacturer's instructions [33] . DNA sequencing verified the construction of recombinant vector (pcDNA3.1(+)-GFP-circRNA_0046366) expressing circRNA_0046366.
HepG2 cells in the exponential phase were randomly divided into 6 groups, including normal, steatosis, control, circRNA, circRNA+mimics, and circRNA+mimics normal control (NC) group (2 × 10 5 cells/well, 9 wells/ group). In contrast to those without circRNA_0046366 regulation (normal and steatosis groups), the circRNA, circRNA+mimics, and circRNA+mimics NC groups were exposed to 12-h transfection of pcDNA3.1(+)-GFP-circRNA_0046366 (4 μg/well), pcDNA3.1(+)-GFP-circRNA_0046366 (4 μg/well) + miR-34a mimics (Genechem, Shanghai, China; 50 pmol/well), and pcDNA3.1(+)-GFP-circRNA_0046366 (4 μg/well) + miR-34a mimics, negative control (50 pmol/well; Genechem, Shanghai, China), respectively, using Lipofectamine 2000 [34] . Transfection of blank plasmid (pcDNA3.1(+)-GFP at 4 μg/well) was applied to the control group. All groups, with the exception of the normal group, received FFA treatment for a further 24 h as mentioned above. After the transfection of circRNA-containing plasmid, the expression level of circRNA_0046366 was dynamically assessed in the circRNA group at the time points of 24, 48, and 72 h.
Real-time RT-PCR
cDNA of miR-34a was generated by the Mir-X miRNA First Strand Synthesis Kit (TaKaRa) using total RNA samples from each group. After normalization against an internal control (U6), real-time PCR demonstrated expression of hepatocellular miR-34a by the SYBR Fast qPCR Mix (TaKaRa) [20] . RT and real-time PCR for PPARα, apolipoprotein A1 (APOA1), apolipoprotein C3 (APOC3), fatty acid synthase (FASN), lipoprotein lipase (LPL), 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS), very low-density lipoprotein receptor (VLDLR), carnitine palmitoyltransferase 1A (CPT1A), solute-carrier family 27A (SLC27A), and GAPDH were carried out using the ExScript RT Reagent Kit (TaKaRa), and SYBR Premix ExTaq (TaKaRa), respectively, using standard procedures. Gene-specific primers of these reactions were designed by Premier 5.0 software (PREMIER Biosoft, Palo Alto, CA, United States) ( Table  1 ). According to the results obtained from the Applied Biosystems 7500 Real-Time PCR Detection Systems (Bio-Rad Laboratories), expression of these genes was assessed based on the 2 -ΔΔCt method.
Western blotting
Total protein of each sample was prepared using pathological observations, an enzymatic assay showed that the TG level of the steatosis group was higher than that of the normal group ( Figure 1B ). Compared to the normal group, the steatosis group exhibited significant loss of circRNA_0046366 expression ( Figure 1C ). FASN, which shares the same precursor mRNA (pre-mRNA) with circRNA_0046366, showed much higher mRNA level (7.64 ± 0.54) in the steatosis group in comparison to that of the normal group (0.98 ± 0.06, P < 0.0001). An inverse correlation between circRNA_0046366 expression and hepatocellular TG level (r = -0.73, P = 0.03; Figure 1D ) suggested an essential role in the occurrence of hepatocellular steatosis.
circRNA_0046366 functioned as antagonist of miR-34a
Five miRNAs (miR-34a, miR-513a-5p, miR-646, miR892a and miR-1265) were predicted to be the targets of circRNA_0046366, using the algorithms of base complementation between MRE of circRNA and seed sequence of miRNA ( Figure 2A ). The intersection of circRNA_0046366-targeted miRNAs and hepaticsteatosis-related miRNAs recognized those that mediated the regulatory effect of circRNA_0046366 on hepatic steatogenesis. miR-34a was the only target of circRNA_0046366 and had a critical role in hepatocellular lipid dysmetabolism ( Figure 2A ). Dual-luciferase reporter assay was performed to verify the MRE-based circRNA-miRNA interaction ( Figure  2B ). After cotransfection of pMIR-REPORT vector containing wild-type circRNA_0046366 and miR-34a mimics, the activity ratio of firefly/Renilla luciferases was down-regulated in the pMIR-REPORT-circRNA_0046366-wildtype-treated group ( Figure 2C ). On the contrary, there was no reduction in relative luciferase activity in the pMIR-REPORT-circRNA_0046366-mutant-treated group with the MRE-lacking vector ( Figure 2C ). This suggests that circRNA_0046366 is an antagonist of miR-34a via targeted, complementary binding.
circRNA_0046366 up-regulation rescued PPARα expression via miR-34a inactivation
HepG2 cells were exposed to transfection of circRNA_0046366-carrying expression vector, which led to normalization of circRNA level, on the condition of FFA culture ( Figure 2D ). miR-34a was inactivated by circRNA_0046366-dependent antagonism. Because of the approximately stable level of intracellular circRNA_0046366 ( Figure 2E ), pharmacological effect could be yielded from the miR-34a inactivation. Bioinformatic analysis showed that miR-34a had a major impact on metabolic signaling pathways (hsa01100), pathways in cancer (hsa05200), Rap1 signaling pathway (hsa04015), PI3K/Akt signaling pathway (hsa04151), and miRNAs in cancer (hsa05206) ( Figure 3A) . Some of these metabolic pathways were shown to mediate the steatosis-inducing action of miR-34a. Gene interaction analysis subsequently revealed that PPARα, the high-affinity target of miR-34a, controlled multiple lipometabolic genes by transcriptional induction ( Figure   3B ). Thus, circRNA_0046366 is proposed to modulate hepatocellular steatosis through the miR-34a/PPARα regulatory system. miR-34a-induced PPARα inhibition was one of the critical manifestations of hepatocellular steatosis ( Figure  3C and D) . A significant increase in PPARα, at both transcriptional and translational levels, characterized the circRNA and circRNA+mimics NC groups with circRNA_0046366 normalization (Figure 3C and D) . However, saturated binding of circRNA_0046366 and miR-34a prevented PPARα restoration in the 
PPARα restoration promoted transcriptional activation of lipometabolic genes
Resulting from the circRNA_0046366 loss, PPARα repression took place in steatotic cells upon miR34a activation. The PPARα deficiency abrogated its transcriptional regulation of multiple genes associated with lipid metabolism, especially CPT1A and SLC27A ( Figure 4A-I) . Their abnormal expression contributed to the lipometabolic imbalance, which was largely responsible for the occurrence of hepatocellular steatosis. In contrast to the abnormal transcription of downstream genes after FFA exposure (steatosis, control, and circRNA+mimics groups), circRNA_0046366-based PPARα restoration brought about improvement in their expression in both circRNA and circRNA+mimics NC groups ( Figure 4B-H) . TG metabolic genes (CPT1A and SLC27A) among these exhibited significant up-regulation of mRNA levels ( Figure 4G and H) . Consequently, the transcription-promoting effect of PPARα gave rise to obvious elevation of hepatocellular CPT1A and SLC27A, with similar levels to those in the normal group ( Figure 4I ). Thereby, a resolution of the steatosis-related lipid dysmetabolism could be achieved. Figure 4J ).
Improvement of lipid metabolism ameliorated hepatocellular steatosis by TG reduction
Pathophysiological alleviation was achieved from disruption of TG deposition. The groups with diminished TG content (circRNA and circRNA+mimics NC), instead of those without alteration (steatosis, control, and circRNA+mimics), lacked cytoplasmic lipid droplets under treatment with oleate and palmitate ( Figure  4K ). Therefore, attenuation of hepatocellular steatosis was verified after circRNA_0046366-based miR-34a antagonism and restoration of lipid metabolism via the miR-34a-related PPAR signaling.
DISCUSSION
circRNA has recently been discovered to serve as a novel, yet crucial, component of epigenetic regulation of miRNA-mRNA interaction [14] . Its antagonistic effect against miRNA is one of its most important mechanisms related to physiological functions (e.g., insulin production and cartilage degradation) [37, 38] and various diseases (e.g., Alzheimer's disease, colorectal cancer, ischemia-reperfusion injury, and hypertrophic heart failure) [24, 34, [39] [40] [41] . In the present study, prominent loss of circRNA_0046366 expression characterized the steatotic HepG2 cells under stimulation with saturated (palmitate) and polyunsaturated (oleate) fatty acids. In contrast, the mRNA level of FASN, one of the major determinants in de novo lipogenesis [42] , experienced obvious up- and FASN share a common pre-mRNA. Thus, increase in FASN transcription hampers the circRNA_0046366 production by the competitive effect in alternative splicing. Some surprising results even confirmed that circRNA_0046366 level significantly correlated with total TG content in an inverse manner. circRNA_0046366 dysregulation is, therefore, suggested to play an essential, perhaps miRNA-antagonizing, role in FFA-induced hepatocellular steatosis.
To investigate the actions of circRNA_0046366 underlying hepatocellular steatosis, target prediction and key-miRNA mining were performed on the basis of base-complementation algorithms and miRNAset intersection, respectively [28, 43] . miR-34a is a wellestablished miRNA with lipogenic properties [20] , and it was the only candidate target of circRNA_0046366 that was associated with steatosis-related lipid dysmetabolism. Dual-luciferase reporter assay provided further evidence for the circRNA_0046366/miR-34a interaction. In contrast to cotransfection of miR-34a with reporter vector containing mutant circRNA_0046366, miR-34a demonstrated a complementary effect on wild-type circRNA_0046366 by a decrease in firefly/ Renilla luciferase activity. The results of bioinformatic and functional analysis highlight that circRNA_0046366 is a miR-34a-specific antagonist. Because of its multiple-targeted characteristics, miR-34 facilitates a subtle antagonism of steatosis-related miRNA/mRNA interaction by relative limited circRNA_0046366 on a basis of competitive binding [44] [45] [46] . Targetome and targetome-based pathway analyses of miR-34a were integrated to uncover the downstream signaling and related functions of circRNA_0046366 in a miRNA-dependent way [47, 48] . As a result of the topranking enrichment, metabolic pathway hsa01100 was identified as a key signaling pathway that was influenced by circRNA_0046366. circRNA_0046366 focuses its impact on metabolic process, especially lipid metabolism. PPARα, a transcription factor of the NR1C nuclear receptor subfamily, has recently been identified as a direct target of miR-34a [20] . This kind of liver-specific, ligand-activated isoform of the PPAR family induces the expression of multiple genes with lipometabolic characteristics [29] . Lack of PPARα in obese patients confers a high risk of insulin resistance, n-3 long-chain polyunsaturated fatty acid depletion, and liver steatogenesis [49] . Increasing evidence suggests a miR-34a/PPARα regulatory system, which acts as the crucial mediator of the actions of circRNA_0046366 in hepatocellular lipid metabolism ( Figure 5) .
With the relative stability in expressive dynamics, normalized circRNA_0046366 brought about antagonistic inactivation of miR-34a in the circRNA and circRNA+mimics NC groups in our study. PPARα upregulation within these groups occurred as a result of diminished miR-34a-induced gene inhibition. This counteracting role of circRNA_0046366 against the miR-34a/PPARα regulatory system is supposed to expressively activate the lipometabolic genes and, in turn, rescue hepatic lipid homeostasis. Indeed, circRNA_0046366 treatment dramatically increased both CPT1A and SLC27A, the key genes downstream to PPARα [50] , at transcriptional and translational levels. CPT1a is located on the liver mitochondrial outer membrane and forms a hexamer fatty acid transfer complex [51] , and functions as the rate-limiting enzyme of fatty acid β-oxidation [52] . CPT1A deficiency gives rise to impairment of long-chain fatty acid oxidation and ketogenesis, which are involved in the occurrence of hepatic steatosis [53, 54] . In contrast to the insufficient expression of CPT1A during steatogenesis, PPARα agonists reduce lipid accumulation in close association with up-regulated CPT1A concentration [55] . SLC27A, also known as fatty acid transport protein (FATP)4, reflects another liver-dominant, evolutionarily conserved PPARα target that takes central place in the cellular uptake and metabolism of long-chain and very long-chain fatty acids [56, 57] . Lowered SLC27A level facilitates fat deposition via the reduction of CPT1A-mediated fatty acid oxidation [58] . A similar phenomenon has been verified in FATP4-deficient animals with aggravated liver fatty degeneration under high-fat diet [59] . Therefore, restoration of CPT1A and SLC27A seen in the present study could counterbalance lipid metabolism by increasing activity of lipolytic catalyzation.
As defined by the colorimetric detection assay, regaining of lipid homeostasis with reduced intracellular TG content was validated in groups with expressionrescued lipolytic enzymes (circRNA and circRNA+mimics NC) compared with those without enough catalytic lipid oxidation (steatosis, control and circRNA+mimics). Disruption of glycerol-esterified neutral fat accumulation improved the pathophysiological outcome in conditions of high-fat culture. In contrast to those in the TG-enriched groups, HepG2 cells in the circRNA and circRNA+mimics NC groups showed a dramatic decrease in cytoplasmic lipid droplets in parallel with TG down-regulation. Finally, they were protected from lipotoxicity-stimulated phenotypic transition toward hepatocellular steatosis.
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Research background
Hepatic steatosis reflects one of the most common chronic liver diseases with hepatocyte-specific lipid dysmetabolism and triglyceride (TG) accumulation. Its close association to steatohepatitis, metabolic syndrome, and extrahepatic diseases (i.e., cardiovascular events, cerebrovascular diseases, cancers) indicates an importance for clinical interference. Micro (mi)R-34a is now confirmed to underlie the hepatic steatosis. However, the ambiguity in miR34a-specific antagonist keeps hepatic steatosis from effective therapy. Circular (circ)RNA has recently been determined to interact with miRNA, mainly on the basis of complementation between miRNA response element (MRE) of circRNA and 'seed sequence' of miRNA. This circRNA/miRNA interaction abolishes the inhibitory effect of miRNA on its targets. circRNA, therefore, is highlighted to function in a miRNA-antagonizing manner.
Research motivation
Because of its importance in hepatic steatosis, miR-34a represents a critical target of clinical intervention. miR-34a-targeting antagonist, therefore, is assessed in our experiments so as to cure hepatosteatotic degeneration on the basis of miR-34a inactivation.
Research objectives
Serving as the selective sponge of miRNA, circRNA is exposed to bioinformatical and functional analysis for a purpose of uncovering the antagonist specific to miR-34a.
Research methods
To shed light on the antagonistic effect of circRNA against miR-34a, investigation of miR-34a-targeting circRNA was carried out by MRE recognization and dual-luciferase reporter assay. The filtered circRNA was then subjected to functional study in HepG2-based experimental steatosis induced highfat stimulation. In detail, rescue experiment, real-time quantitative PCR, and western blot demonstrated the impact of circRNA on miR-34a, peroxisome proliferator-activated receptor (PPAR)α, and transcriptional downstream genes. Both triglyceride (TG) quantification and cytopathologic assessment revealed In contrast to the hepatic steatogenesis that occurs upon its deficiency, circRNA_0046366 restoration abrogates the inhibitory effect of miR-34a on PPARα by antagonizing the miRNA-mRNA interaction. PPARα normalization transcriptionally activates the lipometabolic genes, which further ameliorates hepatic steatosis by regaining lipid homeostasis. mi: Micro; PPAR: Peroxisome proliferator-activated receptor.
